In humans, memory capacities are generally affected with aging, even without any reported neurologic disorders. The mechanisms behind cognitive decline are not well understood. We studied here whether postsynaptic glutamate receptor and presynaptic vesicular glutamate transporters (VGLUTs) levels may change in the course of aging and be related to cognitive abilities using various age-impaired (AI) or ageunimpaired rat strains. Twenty-four-month-old Long-Evans (LE) rats with intact spatial memory maintained postsynaptic ionotropic glutamate receptor levels in the hippocampal-adjacent cortex similar to those of young animals. In contrast, AI rats showed significantly reduced expression of ionotropic glutamate receptor GluR2, NR2A and NR2B subunits. In AI LE rats, VGLUT1 and VGLUT2 levels were increased and negatively correlated with receptor levels as shown by principal component analysis and correlation matrices. We also investigated whether glutamatergic receptors and VGLUT levels were altered in the obesity-resistant LOU/C/Jall (LOU) rat strain which is characterized by intact memory despite aging. No difference was observed between 24-month-old LOU rats and their young counterparts. Taken together, the unaltered spatial memory performance of 24-month-old age-unimpaired LE and LOU rats suggests that intact coordination of the presynaptic and postsynaptic hippocampal-adjacent cortex glutamatergic networks may be important for successful cognitive aging. Accordingly, altered expression of presynaptic and postsynaptic glutamatergic components, such as in AI LE rats, could be considered a marker of age-related cognitive deficits.
Introduction
In humans, normal aging is often characterized by a slow decline in cognitive abilities that can be exacerbated in neurologic disorders (Abbott, 2012) . Remodeling of neuronal synapses is a central mechanism in memory formation. Activity-dependent plasticity can modulate either presynaptic or postsynaptic components through efficacy of neurotransmitter release or changes in the biophysical properties of receptors (Choquet and Triller, 2013) . Thus, coordination of these processes is essential to strengthen specific neuronal networks and facilitate learning and memory mechanisms (Abraham, 2008; Bibb et al., 2010) . To date, the impact of aging on the dynamic organization of presynaptic and postsynaptic glutamatergic components is still largely unknown.
Excitatory neurotransmission is involved in memory formation (Rebola et al., 2010; Shepherd, 2012) . Before its regulated release, glutamate is concentrated in synaptic vesicles by vesicular glutamate transporters (VGLUTs, for review see El Mestikawy et al., 2011) . VGLUT1 and VGLUT2 are expressed mainly by cortical and subcortical glutamatergic neurons, respectively (El Mestikawy et al., 2011) . VGLUT1-heterozygous mice (characterized by 41% loss of VGLUT1 protein level in the frontal cortex) show enhanced anxiety, depressive-like behaviors, and impaired recognition memory (Tordera et al., 2007) . Conditional VGLUT2 knock-out (VGLUT2-KO) mice exhibit impaired spatial learning and memory associated with reduced neuronal plasticity, lower synaptic markers levels (including VGLUT1) and altered dendritic arborization in the hippocampus (He et al., 2012) . VGLUTs are thus key anatomic and functional presynaptic markers of glutamatergic transmission.
Released glutamate binds to ionotropic glutamatergic receptor (IGLUR; a-amino-3-hydroxy-5-methyl-4-isoxazole propionic acid [AMPA] or N-methyl-D-aspartate [NMDA] ) to trigger fast excitatory transmission. On the other hand, glutamate binding to metabotropic receptors (mGluR) provides slow modulatory (or even inhibitory) transmission (for reviews, see Huganir and Nicoll, 2013; Luscher and Huber, 2010) . AMPA, NMDA, and group I mGluR are located on postsynaptic membranes, whereas group II and group III mGluR are involved in presynaptic inhibition of glutamate release (Sheng and Kim, 2002; Shigemoto et al., 1997) . The activation of postsynaptic receptors triggers multiple signaling pathways, leading to short-or long-term strengthening or weakening of synaptic transmission and brain plasticity (Abraham, 2008; Huganir and Nicoll, 2013; Sheng and Kim, 2002) . Interestingly, memory deficits in VGLUT2-KO adult mice can be partially reversed by increasing postsynaptic NMDA glutamate receptor transmission through treatment with D-serine and a D-amino acid oxidase inhibitor (He et al., 2012) . These data suggest that both presynaptic VGLUTs and postsynaptic glutamate receptors contribute to glutamatergic synapses homeostasis. Several postsynaptic effectors are known to regulate synaptic efficiency underlying cognition (Huganir and Nicoll, 2013; Malenka and Nicoll, 1999; Sheng and Kim, 2002) . Altered IGLUR function has been linked to age-related memory impairments in several animal models Barnes, 2006, 2010) . For example, recognition memory is impaired in 24-month-old SD rats, and this deficit is associated with reduced NMDA-mediated plasticity (Kollen et al., 2010) . Group I mGluR signaling and function have also recently been correlated with intact spatial memory in aged rats (Menard and Quirion, 2012b; Yang et al., 2013) and mice .
In the present study, spatial learning, as well as VGLUT and glutamatergic receptor (AMPAR, NMDAR, and group I mGluR) expression, was investigated in the hippocampal formation of 2 aging rat models, the Long-Evans (LE) and Lou/C/Jall (LOU) strains. The LE rat has been extensively used for aging studies. Interestingly, a subgroup of older LE animals maintains high cognitive abilities despite aging, whereas another one shows impairments which is similar to individual differences observed in humans (Menard and Quirion, 2012a) . The LOU rat strain is considered a model of successful aging, as it is characterized by increased lifespan, maintenance of a low and stable adipose tissue mass throughout life, and low incidence of age-related diseases (Alliot et al., 2002) . Intact spatial memory in 24-month-old animals was correlated with VGLUT and postsynaptic receptor expression comparable with those of young rats for both LE and LOU strains. By contrast, age-related memory impairment was linked to higher VGLUT protein expression and reduced postsynaptic AMPAR, NMDAR, and group I mGluR levels in LE rats. These results are supported by principal component analysis (PCA) and correlation matrix analyses, suggesting that the expression of presynaptic and postsynaptic glutamatergic components is associated and can be altered in the hippocampus and adjacent cortex of older rats, leading to memory deficits.
Methods

Animals
Animal care, handling, and experimental procedures were approved by the McGill University Animal Care Committee for the LE rats and by the CHUM Research Center and University of Montreal Animal Care Committees for the LOU rats, in compliance with Canadian Council for Animal Care guidelines.
LE rats
For the aged groups, male LE rats were purchased from Charles River Laboratories (St. Constant, Quebec, Canada) at the age of 12 months and housed at the Douglas Mental Health University Institute (DMHUI) animal facility until the age of 24 months. For the young group, male LE rats were purchased at 3 months of age and kept at the DMHUI animal facility until they reached 6 months. A large colony of 6-and 24-month-old LE rats (N ¼ 108) was previously tested in the reference memory version of the Morris water maze (MWM) task, as reported earlier (Menard and Quirion, 2012b) . Some of these rats were used for the immunoblot analyses reported in the present study (N ¼ 5e7/group). LE rats were kept on a 12:12-hour light-dark cycle; lights on at 07:00 hours with ad libitum access to water and food (Purina Lab Chow; Mondou, Montreal, Quebec, Canada). Animals were housed 2 or 3 per cage, depending on body weight.
LOU rats
Six-, 12-, and 24-month-old male and female LOU rats were obtained from the Quebec Network for Research on Aging's rat colonies. A large group of aging LOU rats (N ¼ 52) were previously tested in the reference memory version of the MWM task (Menard et al., 2014b) . The performances of rats used for immunoblotting are shown in the present study (N ¼ 6/group, 3 males, 3 females). Rats were housed 3 per cage in temperature-, humidity-, and lightingcontrolled rooms on a 12:12-hour light-dark cycles; lights on at 07:00 hours like for the LE rats. They were fed chow A03 SAFE growing diet for 3 weeks after weaning and the maintenance A04 SAFE diet thereafter (Perotech, Toronto, CA) (Menard et al., 2014b; Veyrat-Durebex et al., 2005) .
On completion of behavioral training (2e4 hours following the last probe test), LE and LOU non-fasted non-anesthetized rats were quickly sacrificed by rapid decapitation for ex vivo biochemical analyses (Menard and Quirion, 2012b; Menard et al., 2014b; Whittington et al., 2013) .
Morris water maze
The long-term reference memory version of the MWM task (Morris, 1984) was performed as described previously to discriminate between aged rat populations according to memory status (Brouillette and Quirion, 2008; Farso et al., 2013; Gallagher et al., 2003; Lee et al., 2005; Menard and Quirion, 2012b; Rowe et al.,1998) .
Learning acquisition and retention
Briefly, in the learning acquisition phase, rats were pseudorandomly started from a different position on each trial (3 trials per day for 4e5 consecutive days) and had to find a submerged platform (15 cm diameter) in a pool (1.5 m diameter), located 2 cm below the surface of the water (24 C) rendered opaque by nonallergic white gouache paint (Menard and Quirion, 2012b; Menard et al., 2014b) . Animals used distal visual-spatial cues (posters on the walls of the room) to find the hidden escape platform located in the center of the target quadrant. If it was not reached within 90 seconds, the animal was gently guided to the platform. Before removal, all the rats remained on the platform for 15 seconds to let them time to orientate themselves in space. Sixty minutes after the last trial of the last day of acquisition phase, rats were given 1 probe trial of 90 seconds (learning probe) for which the platform was removed from the pool (Menard and Quirion, 2012b; Menard et al., 2014b) . The time spent in the target quadrant was measured with a video tracking system.
Reversal learning acquisition and retention
After a 2-(LE) or 1-(LOU) day rest, all animals were submitted to a reverse memory paradigm to assess reversal learning acquisition (Farso et al., 2013; Menard and Quirion, 2012b; Menard et al., 2013 Menard et al., , 2014b Xu et al., 2009) . In this task, while the position of visual cues stayed the same, the platform was moved to the opposite quadrant of the pool. Rats were required to find the new hidden platform location for 4 consecutive days including 3 trials per day. Like for the learning probe test, rats were given a reverse probe test for which the platform was removed 60 minutes after the last trial on the last day of reversal learning acquisition.
After each trial, rats were manually dried with towels and placed under a heat lamp to prevent hypothermia. To control for possible effects related to circadian cycles, all trials were performed between 10 am and 3 pm every day (Menard and Quirion, 2012b; Menard et al., 2014b) . Data derived from the MWM task were computerized using an HVS image video tracking system (Buckingham, UK) for the LE rats (DMHUI phenotyping platform) or a video tracking system from Panlab (Harvard Apparatus, Barcelona, Spain) for the LOU rats (CHUM Research Center platform).
Controls of visual and motor function
Age-related visual deficits and motivation to escape from water were controlled with a cued test in which the platform was visible and a flag positioned on it as a visual cue (Menard and Quirion, 2012b; Menard et al., 2014b) . Swimming speed and total distance traveled during the learning and reverse probe tests were used as controls for motor function which could be potentially altered by aging (Supplementary Fig. 1B and C; Supplementary Fig. 2B and C).
Classification criteria for cognitive status
As previously described by our group (Brouillette and Quirion, 2008; Farso et al., 2013; Menard and Quirion, 2012b; Rowe et al., 1998) and others (Gallagher et al., 2003; Lee et al., 2005) , learning acquisition curves and probe tests of aged rats were compared with those of 6-month-old adult rats to classify them as aged memoryimpaired (AI) or memory-unimpaired (AU). In the present study, 24-month-old LE rats were classified as AI when animals swam for more than 30 seconds (average of the 3 trials) to find the platform on day 5 of learning acquisition. Memory impairment was confirmed with reversal learning acquisition curve and if the time spent in the target quadrants during the learning and reverse probe tests was lower or close to 25%, suggesting random swimming (Menard and Quirion, 2012b) .
Tissue preparation
Hippocampus and adjacent cortex (entorhinal, perirhinal, and portions of adjacent neocortices) (HAC) were dissected for immunoblotting as previously reported (Lauterborn et al., 2000; Menard and Quirion, 2012b; Menard et al., 2013 Menard et al., , 2014b , snap frozen in isopentane on dry ice and stored at À80 C. Rat brain tissues were transferred in Tris-acetate buffer (50 mM, pH 7.4) containing 100 mM EGTA and protease inhibitors (leupeptin, 5 mM; phenylmethylsulfonyl fluoride, 200 mM; N-tosyl-L-phenylalanine chloromethyl ketone 1 mg/mL, Sigma-Aldrich Canada, Oakville, ON, Canada) and homogenized with a polytron (Menard and Quirion, 2012b; Menard et al., 2014b) .
To obtain postsynaptic densities (PSD), homogenates were purified by differential centrifugation as previously described (Henley, 1995; Menard and Quirion, 2012b; Menard et al., 2004 Menard et al., , 2007 . Briefly, extracts were centrifuged at 1000g for 10 minutes, and the supernatants obtained were then centrifuged at 14,000g for 20 minutes. The resulting pellet was defined as the crude synaptosomal fraction and resuspended in Tris-acetate buffer (50 mM, pH 7.4, 100 mM EGTA, 0.32 M sucrose, and protease inhibitors) (Henley, 1995; Menard and Quirion, 2012b; Menard et al., 2004 Menard et al., , 2007 . Afterward, crude synaptosomal fraction was diluted in 20 mM Tris-HCl, pH 6.0, 0.1 mM CaCl 2 with 1% Triton X-100, mixed for 20 minutes at 4 C with agitation, and centrifuged at 40,000g for 20 minutes at 4 C (Menard and Quirion, 2012b; Moron et al., 2007) . Pellets containing the isolated synaptic junctions were collected and resuspended in 20 mM Tris-HCl, pH 8.0, 0.1 mM CaCl 2 with 1% Triton X-100, to separate presynaptic components from the PSD (Menard and Quirion, 2012b; Moron et al., 2007) . Samples were mixed for another 20 minutes at 4 C with agitation and centrifuged at 40,000g for 20 minutes at 4 C. Finally, the insoluble pellet containing the PSD fraction was suspended in Tris-acetate buffer (50 mM, pH 7.4,100 mM EGTA, 0.32 M sucrose, and protease inhibitors) and stored at À80 C until use (Menard and Quirion, 2012b; Moron et al., 2007) . Assessment of PSD purification and protein enrichment was controlled by Western blotting with PSD95 protein level (see Supplementary Fig. 1D in Menard and Quirion, 2012b) .
Immunoblotting of GLUR
Western blot analysis was carried out on HAC homogenates (Menard and Quirion, 2012b; Menard et al., 2013 Menard et al., , 2014a Menard et al., , 2014b or PSD aliquots (Menard and Quirion, 2012b) to assess receptor levels. Briefly, protein concentrations of homogenates and PSD preparations were first determined with the bicinchoninic acid protein assay kit (Pierce, Rockford, IL, USA). Ten micrograms of protein from each sample was then loaded on denaturing NuPAGE Novex 4%e20% BiseTris gel (Invitrogen, Carlsbad, CA, USA) and subjected to SDS-PAGE. This concentration of protein is optimal for all antibodies tested as determined by serial dilutions of young rat HAC samples (Menard et al., 2014a) . Proteins were transferred onto Hybond-C nitrocellulose membranes (Amersham Biosciences, Little Chalfont, UK) and incubated for 1 hour at room temperature in phosphate-buffered saline containing 0.05% Tween 20 (PBST) and 2% bovine serum albumin (BSA) to block nonspecific sites. Membranes were subsequently incubated with primary antibodies (1:1000 in PBST with 2% BSA for all antibodies except mGluR5 for which a 1:5000 dilution was used) directed against AMPA GluR1 and GluR2 (Abcam, Cambridge, MA, USA), NMDA NR1 (Santa Cruz Biotechnology, Santa Cruz, CA, USA), NR2A and NR2B (Abcam) or group I mGluR1a and mGluR5 (Millipore, Billerica, MA, USA) overnight at 4 C with agitation. Following washes in Tris-buffered saline containing 0.05% Tween 20, bands corresponding to proteins were revealed with horseradish peroxidase-conjugated secondary antibody (1:10,000, Santa Cruz Biotechnology) and Western Lightning Chemiluminescence Reagent Plus (Perkin Elmer, Boston, MA, USA) on Kodak BioMax MS film (Amersham Biosciences). Nonspecific labeling was assessed by omitting the primary antibody and immunoreactive levels of b-actin served as the loading control (Menard and Quirion, 2012b; Menard et al., 2013 Menard et al., , 2014a Menard et al., , 2014b . Relevant computer-generated images of the immunoblots were analyzed semiquantitatively by densitometry with a microcomputer imaging device (Imaging Research, MCID, St. Catharines, ON, Canada).
Immunoblotting of VGLUTs
Western blot analysis was carried out on aliquots of homogenates and performed according to Kashani et al. (2007) . Five micrograms of each HAC sample was separated on SDS-PAGE (NuPage Bis-Tris 10%, Invitrogen) and transferred onto a nitrocellulose membrane (0.4 mm pore size, Invitrogen). Reversible Ponceau Red staining was used to control protein loading. For VGLUT1 and atubulin detection, nonspecific sites were blocked for 1 hour at room temperature with PBST and 5% nonfat dry milk and for VGLUT2 with PBST including 5% nonfat dry milk and 5% BSA. Membranes were incubated overnight at 4 C with primary antiserums in PBST and nonfat dry milk (1%) for VGLUT1 and a-tubulin or in PBST including both nonfat dry milk (1%) and BSA (1%) for VGLUT2. Protein levels of VGLUT1, VGLUT2, and a-tubulin were detected with secondary antiIgG antiserums coupled to either IRDye 700DX or IRDye 800CW (diluted 1:5,000, Tebu-bio, France) and visualized with the Odyssey infrared Imaging system (LI-COR Biosciences, Lincoln, NB, USA).
Statistical analysis
Data are expressed as the mean AE standard error of the mean. Twoway analysis of variance (ANOVA) followed by Bonferroni post hoc test was used to assess the level of significance between groups for MWM learning acquisition, time spent in the target quadrant, swim speed, and total distance traveled during the probe tests. Significance for average latency on day 5 was evaluated with 1-way ANOVA and Bonferroni post hoc test. Comparison between groups and each receptor subtypes (AMPA, NMDA, and group I mGluR) or VGLUT levels was performed with 2-way ANOVA followed by Bonferroni post hoc test. Significance for ratios was evaluated with 1-way ANOVA (and Bonferroni post hoc test). Multivariate analysis of variance (MANOVA) was used to test the effect of strain on the variables studied (Sugimoto et al., 2011) . Significance was established at p < 0.05. No significant differences were observed between male and female LOU rats ( Supplementary Figs. 2e3) , and their data were grouped together.
PCA was used to examine patterns of intercorrelations between the variables studied as reported recently by our group (Menard et al., 2014b) and others (Chujo et al., 2013; Moura et al., 2010; van der Staay et al., 2009 ). Principal components produced by the orthogonal linear transformation of PCA are linear combinations of the original measures, on a new coordinate system, reflecting independent characteristics or dimensions underlying the correlation matrix (Menard et al., 2014b ,van der Staay et al., 2009 ). The first principal component or vector is associated to the largest possible variance, whereas the second represents most of the remaining variation and so forth with the first 3 or 4 components generally explaining most of the variance. Loading factor value of each principal component measure indicates its importance for the principal component (Menard et al., 2014b , van der Staay et al., 2009 . In the present study, loading factors equal or superior at 0.25 were highlighted (Menard et al., 2014b) . Interestingly, high loadings factors of the same sign on the same principal component are positively correlated while those with opposite sign are negatively correlated. Here, original data sets of each individual rat (N ¼ 36) containing 26 variables, including 4 parameters related to cognition (time on day 4/5, time on day 10/11, percentage of time in the learning target quadrant, percentage of time in the reverse learning target quadrant), 2 motor and/or visual controls (cued and swim speed), 2 presynaptic markers (VGLUT1 and VGLUT2), 7 glutamate receptor protein levels, and ratios for both HAC homogenates and PSD (GluR1, GluR2, NR1, NR2A, NR2B, mGluR1a, mGluR5, NR2B/NR2A, and GluR1/NR1) were standardized using zscores and analyzed to obtain the correlation matrices and PCA as previously described (Menard et al., 2014b) . Multivariate analyses were performed using the MATLAB software (version r2013b).
Results
3.1. Age-related memory deficits are associated with lower AMPA and NMDA receptor protein levels and enhanced VGLUT expression in 24-month-old Long-Evans rats As previously reported (Lee et al., 2005; Menard and Quirion, 2012b; Yang et al., 2013) , 24-month-old LE rats can be divided into 2 subgroups characterized as AI or AU in the MWM task in comparison with 6-month-old adult rats (young; Y). Both learning (day 1e5) and reversal learning (day 8e11) acquisitions are affected by aging in AI rats (Fig. 1A , 2-way ANOVA: F (2,120) ¼ 37.98, p < 0.0001). Individual performances for each day are presented in the supplemental data ( Supplementary Fig. 1A ). Average latency of day 5 three trials was used as a criterion to classify the animals (Fig. 1B , 1-way ANOVA: F (2,15) ¼ 12.06, p ¼ 0.0008). Cognitive status was confirmed with the learning (day 5) and reverse (day 11) probe tests. Young and AU rats spent a similar percentage of time in the target quadrant during the probe tests, whereas aged rats with memory deficits swam randomly (chance factor at 25%) (Fig. 1C , 2-way ANOVA: F (2,15) ¼ 14.24, p ¼ 0.0003). No significant variation was observed for swim speed ( Supplementary Fig. 1B ) or total distance traveled ( Supplementary Fig. 1C ) between groups during the probe tests. Consequently, when path lengths during learning acquisition were compared ( Supplementary Fig. 1D ), differences obtained for the AI group were highly similar to those reported for latencies (Fig. 1A) .
We then investigated the status of postsynaptic markers of fast glutamatergic transmission. AMPA receptor trafficking is closely related to the synaptic plasticity underlying learning processes (Keifer and Zheng, 2010) . It was hypothesized that aging could differentially affect AMPA receptor expression in our subpopulations of aged LE rats leading to different cognitive status. As shown in Fig. 1D , GluR1 and GluR2 subunit levels were both significantly reduced in AI rat HAC homogenates (2-way ANOVA: F (2,15) ¼ 24.62, p < 0.0001).
NMDA receptor-dependent synaptic plasticity is essential for learning acquisition and spatial representation (Lee and Kesner, 2002) . Thus, we evaluated whether or not expression of NMDA receptor subunits is altered in AI rats. NR1 immunoreactive levels were identical in the 3 subgroups, whereas levels of NR2A and NR2B were significantly increased in AU animals ( Fig.1D , 2-way ANOVA: F (1,22) ¼ 14.97, p ¼ 0.0026). Modification of the NR2B-to-NR2A ratio by genetic overexpression of NR2B subunits enhances the formation of social recognition memory in mice (Jacobs and Tsien, 2012) . Here, the NR2B-to-NR2A ratio of densities was no different in the homogenates of the different rat groups (Fig.1E , 1-way ANOVA: F (2,15) ¼ 0.2315, p ¼ 0.7961). Long-term synaptic plasticity is also associated with an increase of GluR1 to NR1 protein levels in the hippocampus (Heynen et al., 2000) . Accordingly, GluR1-to-NR1 ratio was reduced in AI rat homogenates when compared with age-matched AU animals (Fig. 1F , AI: 0.75 AE 0.16 vs. AU: 1.24 AE 0.15, p < 0.05).
IGLURs are enriched in PSD of neuronal cells and contribute actively to synaptic plasticity processes (Huganir and Nicoll, 2013; Sheng and Kim, 2002) . We thus compared the quantity of various receptors in PSD preparations. As described for the homogenates, the level of GluR2 immunoreactive material was reduced in the PSD of AI rats (Fig. 1G , 2-way ANOVA: F (2,15) ¼ 5.42, p ¼ 0.0169), whereas synaptic GluR1 levels were unchanged. NR2A and NR2B but not NR1 levels were decreased in purified PSD of AI rats compared with those of Y or AU rats (Fig. 1G , 2-way ANOVA: F (1,22) ¼ 79.66, p < 0.0001). The NR2B-to-NR2A ratio was significantly decreased in PSD of aged rats with spatial memory deficits (Fig. 1H , 1-way ANOVA: F (2,15) ¼ 5.495, p ¼ 0.0173), whereas no difference was observed for the PSD GluR1-to-NR1 ratio (Fig. 1I) .
To compare presynaptic and postsynaptic sites of glutamatergic synapses, we measured VGLUT1 and VGLUT2 levels in the homogenates obtained from Y, AI, and AU rats. As shown on Fig. 1J, VGLUT1 and VGLUT2 levels were significantly increased in AI rats when compared with young or AU animals (2-way ANOVA: F (2,15) ¼ 7.25, p ¼ 0.0063; VGLUT1: 156.8% AE 9.4% for AI, 100% AE 3.1% for Y and 127.6% AE 9.4% for AU; VGLUT2: 127.9% AE 12.2% for AI, 100% AE 7.7% for Y and 93.2% AE 6.2% for AU). These results suggest that age-related memory decline could be associated with alterations of both presynaptic and postsynaptic glutamatergic components. Fig. 1 . Aging affects spatial memory acquisition, glutamatergic receptor levels, and VGLUT expression in a subgroup of 24-month-old Long-Evans rats. (A) A subgroup of old LE rats became memory impaired (AI, N ¼ 6), whereas the other 24-month-olds' individual performances (AU, N ¼ 7) were similar to those of 6-month-old rats (Y, N ¼ 5) in both learning and reversal learning acquisition tasks. The hidden platform was moved to the opposite quadrant on day 8. (B) Average latency on day 5 of the learning acquisition task was used as a criterion for identifying memory-impaired versus memory-unimpaired aged rats. The threshold was set at 30 seconds. (C) Time spent in the target quadrant for learning (day 5) and reversal learning (day 11) probe tests confirmed the cognitive deficits of the AI group. Representative paths are shown for learning acquisition (day 5) and both learning and reverse probe test trials. (D) GluR1, GluR2, and NR2B protein levels were significantly decreased in HAC homogenates of AI rats compared with young and aged rats without cognitive deficits. (E) The NR2B-to-NR2A ratio was similar in HAC homogenates of all groups, whereas the GluR1-to-NR1 ratio was reduced in those of AI animals (F). (G) Both NR2A and NR2B protein levels were enhanced in the PSD of old rats with intact memory in comparison with age-matched cognitively impaired rats. (H) The NR2B-to-NR2A ratio was reduced in the PSD of AI rats compared with rats of the same age without memory deficit, although the GluR1-to-NR1 ratio remained unchanged (I). (J) Both VGLUT1 and VGLUT2 protein levels were enhanced in HAC homogenates of 24-month-old cognitively impaired LE rats compared with the other groups. For behavioral experiments, data represent mean AE SEM from all animals of each group (N ¼ 5e7), 2-way ANOVA followed by Bonferroni posttests for A and C, 1-way ANOVA for (B). Western blot values represent mean AE SEM of 4 separate experiments (N ¼ 5e7 for each group), and data are expressed as percentage of control (6-month-old LE rats). Two-way ANOVA with Bonferroni posttests for D, G, and J; 1-way ANOVA for E, F, H, and I. Significance was set at *p < 0.05, **p < 0.01, ***p < 0.001 for Y vs. AI, and þ p < 0.05, þþ p < 0.01, þþþ p < 0.001 for AI vs. AU. Abbreviations: AI, aged memory-impaired; ANOVA, analysis of variance; AU, aged memory-unimpaired; HAC, hippocampal-adjacent cortex; LE, Long-Evans; PSD, postsynaptic densities; SEM, standard error of the mean; VGLUT, vesicular glutamate transporter.
Postsynaptic glutamate receptor levels are maintained and presynaptic vesicular transporter expression is reduced in memoryunimpaired 24-month-old LOU rats
We next studied glutamate postsynaptic receptors and presynaptic VGLUT levels in another rat strain exhibiting successful cognitive aging. Indeed, both recognition and spatial memory are intact in the obesity-resistant LOU rats up to old and very old age (Kollen et al., 2010; Menard et al., 2014b) . Young (Y, 6 months), mature (M, 12 months), and old (O, 24 months) rats were trained in the MWM spatial memory task, and HAC brain samples were processed as described previously. Old LOU rats learned to escape the pool slightly more slowly than young and mature animals ( Fig. 2A Fig. 2A ). Furthermore, performances were similar for all age groups in the probe tests, as assessed by the time spent in learning and reversal learning target quadrants (Fig. 2C , 2-way ANOVA: F (2,15) ¼ 0.21, p ¼ 0.8091). No significant variation was noted for swim speed (Supplementary Fig. 2B ) or total distance traveled ( Supplementary Fig. 2C ) between the groups during the probe tests. Fig. 2 . Presynaptic VGLUT levels are reduced while postsynaptic GluR1 protein level is enhanced in 24-month-old LOU rats with intact spatial memory. (A) MWM average learning acquisition of the young (6 months, Y), mature (12 months, M), and old (24 months, O) LOU rats (3 trials/day). The hidden platform was moved to the opposite quadrant on day 7. (B) Average latency on day 4 of the learning acquisition task for each individual. (C) Time spent in the target quadrant was not significantly different between age groups during learning and reverse probe tests conducted 1 hour after the last learning (day 4) and reversal learning (day 10) acquisition trials. Representative paths are shown for learning acquisition (day 4) and both learning and reverse probe test trials. (D) The GluR1 protein level was significantly increased in 24-month-old LOU rats (O) PSD compared with mature (M) animals. NMDA receptor subunit levels remained stable in LOU rats despite aging. (E) Consequently, the NR2B-to-NR2A ratio is not affected by aging in these animals. (F) On the other hand, the ratio of GluR1 to NR1 is significantly increased in the PSD of 24-month-old rats. (G) VGLUT1 and VGLUT2 levels significantly decreased with age. For behavioral experiments, data represent mean AE SEM for all animals of each group (N ¼ 6), 2-way ANOVA followed by Bonferroni posttests for A and C, 1-way ANOVA for (B). Western blot values represent mean AE SEM of 4 separate experiments (N ¼ 6 for each age group), and data are expressed as percentage of control (6 months LOU rats). Two-way ANOVA with Bonferroni posttests for D and G, 1-way ANOVA for E and F. Significance was set at *p < 0.05, **p < 0.01. Abbreviations: ANOVA, analysis of variance; MWM, Morris water maze; NMDA, N-methyl-D-aspartate; PSD, postsynaptic densities; SEM, standard error of the mean; VGLUT, vesicular glutamate transporter.
Therefore, as for latencies, no age-related effect was observed during learning acquisition when average path lengths of each age group were compared ( Supplementary Fig. 2D ).
Very recently, we reported unaltered IGLUR and group I mGlu receptor levels in LOU rat homogenates from HAC despite aging (Menard et al., 2014b) . Here, we examined whether aging affects glutamate receptor expression in PSDs to support the results obtained in LE rats. GluR1 protein level was enhanced in the PSD of 24-month-old LOU rats (Fig. 2D, 137 .88% AE 17.87%); however, aging did not alter AMPA GluR2 expression (Fig. 2D , 2-way ANOVA: F (2,15) ¼ 3.40, p ¼ 0.0604) and NMDA NR1, NR2A, and NR2B subunit levels (Fig. 2D , 2-way ANOVA: F (2,30) ¼ 0.33, p ¼ 0.7271). In line with their memory performances, the PSD NR2B-to-NR2A ratio was stable despite aging (Fig. 2E , 1-way ANOVA: F (2,15) ¼ 0.4736, p ¼ 0.6317). Interestingly, the GluR1-to-NR1 ratio was significantly increased in the PSD of 24-month-old LOU rats (Fig. 2F , 1-way ANOVA: F (2,15) ¼ 4.145, p ¼ 0.0369; Y: 1.05 AE 0.11; M: 0.89 AE 0.10; O: 1.33 AE 0.12). Successful cognitive aging has been associated with higher group I mGluR expression in the PSD of AU LE rats in comparison with agematched AI rats (Menard and Quirion, 2012b) . In LOU rats, group I mGluR expression was no different between the age groups (2-way ANOVA: F (2,15) ¼ 1.13, p ¼ 0.3476). Finally, we found small, but significant, decreased levels of VGLUT1 (À16%) and VGLUT2 (À13%) in old LOU rats (Fig. 2G , 2-way ANOVA: F (2,15) ¼ 9.35, p ¼ 0.0023). In line with cognition, no gender difference was observed for presynaptic and postsynaptic protein levels ( Supplementary Fig. 3 ).
3.3. Memory performances are correlated negatively with VGLUT1 and VGLUT2 expression and positively with postsynaptic glutamatergic receptor levels in aged rats Alterations of protein expression at both presynaptic and postsynaptic levels may explain gradual cognitive deficits occurring in aging. We studied the association between spatial memory (time on day 4/5, time on day 10/11, learning probe, reverse probe, cued test, and swim speed), the 2 presynaptic markers (VGLUT1 and VGLUT2) Fig. 3 . Associations between cognition, presynaptic markers, and glutamate receptors in LE and LOU rats. (A) Biplot of the principal component coefficients and scores (first 3 components) of all LE and LOU rats' data sets for 26 variables, including 4 parameters related to cognition (time on day 4/5, time on day 10/11, percentage of time in the learning target quadrant, percentage of time in the reverse learning target quadrant), 2 motor and/or visual controls (cued and swim speed), 2 presynaptic markers (VGLUT1 and VGLUT2), 7 glutamate receptor protein levels, and ratios for both homogenate (GluR1, GluR2, NR1, NR2A, NR2B, mGluR1a, mGluR5, NR2B/NR2A, GluR1/NR1) and PSD (GluR1, GluR2, NR1, NR2A, NR2B, mGluR1a, mGluR5, NR2B/NR2A, GluR1/NR1) (N ¼ and glutamate receptor protein levels, and ratios for both homogenate (GluR1, GluR2, NR1, NR2A, NR2B, mGluR1a, mGluR5, NR2B to NR2A, and GluR1 to NR1) and PSD (GluR1, GluR2, NR1, NR2A, NR2B, mGluR1a, mGluR5, NR2B to NR2A, and GluR1 to NR1) using PCA. Values for mGluR1a and mGluR5 protein levels in the PSD of Y, AI, and AU LE rats have been previously published (Menard and Quirion, 2012b) . When data from all LE and LOU rats were pooled (N ¼ 36), 47.5% of the overall variance was explained by the first 3 components (Fig. 3A) . The main component, corresponding to 23.0% of the variance, was characterized by 19 of 26 variables on the positive side (Fig. 3B) , with the exception of time on day 4/5 and 10/ 11, VGLUT1, VGLUT2, and to some extent, the cued test, NR1 and mGluR1a protein levels in the homogenates. Next, the impact on the correlation matrix was assessed for the 26 variables on all rats (Fig. 3C) . As expected, latencies on the last days of acquisition were negatively associated with the percentage of time spent in the target quadrant (Fig. 3C) . Values for the visual cued test and swim speed were independent of other MWM variables analyzed.
Glutamate receptor protein levels in the PSD were positively interrelated either when rats from both strains are analyzed together (Fig. 3C) or separately (Fig. 3D) . As shown in Fig. 3D , variation is greater in LE rats than in LOU rats. This observation was confirmed by MANOVA (strain effect on all rats, all parameters: p ¼ 0.0021). Interestingly, there is a strong association among glutamatergic receptor levels and between MWM parameters, VGLUT and postsynaptic glutamatergic receptor levels, particularly for the LE rat strain (Fig. 3D) . Poor performances in the MWM task were significantly correlated with lower levels of mGluR5, GluR1, and NMDA NR2 subunits when all rats were pooled together (Fig. 3E) . In the LE rat strain, cognitive deficit was significantly correlated with high VGLUT1 and VGLUT2 expression, reduced AMPA, NR2B, mGluR5 protein levels, and GluR1-to-NR1 ratio in the homogenates, as well as lower GluR2, NMDA receptor subunits and mGluR5 expression in the PSD (Fig. 3F) . Only a few significant correlations were obtained for the LOU rat strain, in line with intact cognition and youthful levels of glutamate receptors despite aging. We tested our conceptual framework using 24-month-old rats of both strains (O LOU, AI, and AU LE rats). Association between spatial memory (combined MWM parameters including time on day 4/5, time on day 10/11, learning probe, and reverse probe), presynaptic VGLUT1 and VGLUT2 markers and postsynaptic glutamatergic receptor levels (GluR1, GluR2, NR1, NR2A, NR2B, mGluR1a, and mGluR5) were studied. The first 3 components of the PCA explained 80% of the overall variance, with the main component corresponding to 49% of the variance (Fig. 4A) . Increased VGLUT1 and VGLUT2 levels appear to have a negative effect on cognition and glutamatergic receptor expression in the PSD (Fig. 4B) . Finally, as shown in Table 1 , the main contributors of the first component are all included except NR1, leading us to suggest a tight association between these variables in successful cognitive aging. Correlation matrices of the conceptual framework analyses again revealed more significant variations for the LE rat strain (Fig. 4CeF) which was confirmed by MANOVA (strain effect on old rats, conceptual framework: p ¼ 0.0012). Omission of the LE rat with the worst performance on MWM day 5 (Fig. 1B) slightly affects the correlation matrices but not overall conclusions ( Supplementary Fig. 4 ). Our data suggest that proper levels of both presynaptic VGLUT and postsynaptic glutamate receptors are essential to maintain efficient spatial memory learning and hippocampal synaptic networks, and consequently memory during aging.
Discussion
We investigated the relationship between spatial learning abilities and age-related alterations of various markers of hippocampal glutamatergic innervation. Memory-unimpaired 24-month-old LE and LOU rats maintained postsynaptic receptor and VGLUT levels comparable with those of young animals. However, aged LE rats with memory deficits had lower postsynaptic glutamate receptors levels and enhanced expression of presynaptic VGLUT. PCA and correlation matrices revealed that the cognitive status is significantly correlated with both presynaptic VGLUT and postsynaptic receptor protein levels in old rats. This suggests that expression of presynaptic and postsynaptic components is linked and that alterations of their levels may induce age-related cognitive deficits.
Although aging is often characterized by a slow and progressive decline in cognition, the number of neurons in key areas of rodent and human brains, including the hippocampus, is unaltered in nonpathologic aging (Burke and Barnes, 2010; Morrison and Hof, 1997) .
Although most synaptic biophysical properties are unchanged, subtle and region-specific alterations may occur in some neuronal networks and could contribute to age-related cognitive impairments (Burke and Barnes, 2006) . For example, diminished synaptic contacts per granule cell have been reported in the dentate gyrus of aged rats (Geinisman et al., 1992) , reducing excitatory neurotransmission from the entorhinal cortex (Barnes and McNaughton, 1980) . Interestingly, memory-impaired LE aged rats have a larger proportion of perforated synapses in the hippocampal CA1 region, with smaller PSD areas (Nicholson et al., 2004) , suggesting the presence of nonfunctional or silent synapses in these animals (Burke and Barnes, 2010) . Lower postsynaptic receptor levels and GluR1-to-NR1 ratio, as observed in our study, support this hypothesis.
Synaptic plasticity mediated by NMDA receptors in the hippocampus is essential for spatial memory formation (Tsien et al., 1996) . Adult mice lacking NR2B subunits in this area are impaired in multiple tasks, including MWM (Brigman et al., 2010) . Furthermore, enhanced expression of NR2B increases synaptic transmission and improves spatial memory capacities in aged mice (Brim et al., 2013) . Spatial memory formation induces the recruitment of NMDA receptors in synaptic lipid rafts (Delint-Ramirez et al., 2008) , and positive modulation of these receptors has been proposed as a cognitive enhancement strategy to prevent age-related cognitive decline (Ingram et al., 1994) . Similarly, a brief exposure to ampakines, a class of drugs acting on AMPA receptors, may facilitate synaptic plasticity and enhance cognition (Lynch et al., 2011) . Susceptibility of glutamate receptors to age-related decline is variable between rat strains (for review, see Magnusson et al., 2010) with changes occurring as early as 12 months of age in the hippocampus of Sprague-Dawley rats (Wenk and Barnes, 2000) . In the present study, elevated postsynaptic AMPA and NMDA receptor levels were correlated with intact cognition in both LE and LOU rat strains, supporting the importance of high postsynaptic receptor levels to maintain spatial memory capacities despite aging. Interestingly, learning consolidation can be facilitated by caloric restriction (feeding on alternate days for 6e8 months) through NR2B-dependent synaptic plasticity (Fontan-Lozano et al., 2007) .
Group I mGluR-mediated plasticity has also been associated with successful cognitive aging in rats (Menard and Quirion, 2012a; Yang et al., 2013) , and these receptors have been implicated in learning and memory, AD, autism, and mental retardation (Luscher and Huber, 2010) . Like NMDA NR2 receptor subunits, mGluR1a and mGluR5 postsynaptic levels were positively correlated with old rodents' MWM performances. These results highlight the importance of group I mGluR for intact cognitive processes in the aged brain. They interact with IGLURs in the PSD and appear to influence the trafficking, signaling of IGLURs, and maintenance of long-term synaptic plasticity (Xiao et al., 2006) , which is impaired and decays more rapidly in aged rats (Burke and Barnes, 2010) . Activitydependent regulation of AMPA receptor numbers is critical to NMDA-dependent synaptic plasticity. Group I mGluR signaling promotes trafficking of AMPA mRNA from the soma to dendrites (Grooms et al., 2006) . We have reported here a significant reduction of AMPA receptor expression in the hippocampal homogenates of AI LE rats. It is known that AMPA receptor trafficking is highly dynamic and essential for long-term synaptic plasticity (Huganir and Nicoll, 2013) . Indeed, long-term potentiation induces the recruitment of AMPA receptors in the synaptic spines, strengthening excitatory neurotransmission. Conversely, long-term depression is associated with a rapid endocytosis of AMPA receptors. Moreover, regulation of AMPA receptor levels is involved in synaptic scaling, a homeostatic response to long-term changes in network activity (Turrigiano, 2008) .
The coordination of presynaptic and postsynaptic activities is essential to generate spatial maps and to consolidate memories Table 1 Major contributions to the overall variance on the first, second, and third principal components resulting from the principal component analysis (PCA, Fig. 4A (Bibb et al., 2010) . Lower postsynaptic receptor levels in the aged brain may enhance presynaptic processes to compensate for inefficient postsynaptic signaling. A few hours after behavioral training, we observed elevated VGLUT1 and VGLUT2 levels in memoryimpaired old rats. This upregulation of VGLUT expression was negatively correlated with postsynaptic glutamate receptor levels. To our knowledge, this is the first study demonstrating the impact of nonpathologic aging on VGLUT levels. The correlation between presynaptic and postsynaptic components and their plasticity could be altered in AI rats, dampening neuronal networks' efficiency. Indeed, changes induced by robust stimuli protocols are unaltered in the aged rat hippocampus, but weaker stimulations have demonstrated induction deficits in the dentate gyrus and CA1 subregions (Burke and Barnes, 2010) . A recent study showed that the coordination of presynaptic and postsynaptic activity of cholinergic neurons is necessary to induce timing-dependent synaptic plasticity in the hippocampus, and that neither presynaptic nor postsynaptic modulation alone was sufficient (Gu et al., 2012) . It is known that in Aplysia, the transsynaptic coordination of synaptic plasticity by neurexins and neuroligins, forming transsynaptic interactions, plays a critical role in functional and structural plasticity underlying memory formation (Choi et al., 2011) . Moreover, postsynaptic complexes of the scaffolding protein PSD95 and neuroligin can modulate the probability of transmitter release in a retrograde manner in rat hippocampal CA1 pyramidal neurons (Futai et al., 2007) . It is tempting to speculate that in older rats characterized by cognitive deficits, higher VGLUT protein expression is an adaptative mechanism to compensate age-related losses of postsynaptic receptors and efficient synapses. Hypothalamic-pituitary-adrenal activity is enhanced in memoryimpaired LE old rats under both basal and stressful conditions (Issa et al., 1990) . It can be assumed that the MWM task is stressful for sedentary aged animals, and it is known that the hippocampus is vulnerable to anxiety-related behaviors. For example, chronic stress alters hippocampal glutamate uptake and release in Wistar rats (Fontella et al., 2004) . Moreover, chronic social stress during adolescence induces spatial memory deficits in aged mice by altering NR2B expression and synaptic plasticity in the hippocampus (Sterlemann et al., 2010) . Repeated stress also induces cognitive impairments by suppressing glutamate receptor expression and function in the prefrontal cortex, another brain area involved in memory formation (Yuen et al., 2012) . Chronic stress upregulates VGLUT1 expression in the prefrontal cortex of BalB/c mice (Farley et al., 2012) . Thus, age-related anxious behaviors may affect presynaptic VGLUT and postsynaptic glutamate receptor expression in the hippocampus and cortices of AI LE rats, altering memory formation. In contrast to common rat strains, LOU rats exhibit low anxiety-related behaviors despite aging (Menard et al., 2014b) . Accordingly, presynaptic and postsynaptic glutamatergic component levels in older LOU rats were similar to younger counterparts.
Interestingly, it has been shown that VGLUT1 and VGLUT2 expression is altered in neurodegenerative disorders, notably Alzheimer's (Kashani et al., 2008 ) and Parkinson's diseases (Kashani et al., 2007) . In line with the results described here, humans with mild cognitive impairments are characterized by an increase in glutamatergic presynaptic bouton density (Bell et al., 2007) . Glutamate receptor expression and postsynaptic scaffolding protein interactions are altered as well in AD and may contribute to early synaptic dysfunction (Proctor et al., 2011) . It might be interesting to compare, in future studies, presynaptic VGLUT and/or postsynaptic glutamate receptor levels of behaviorally trained versus naive animals (or rodent allowed to rest for several weeks) to assess the impact of training on protein expression during aging. Indeed, synaptic plasticity and memory formation are associated with dynamic cellular and molecular processes potentially altered by aging Barnes, 2006, 2010) . Impaired experience-dependent transcription and protein synthesis may contribute to memory deficits in AI LE rats (Schimanski and Barnes, 2010) . It can be hypothesized that higher VGLUT and lower postsynaptic receptor expression, as observed in the present study in AI LE aged rats, could represent an early stage of mild cognitive impairment, possibly paving the way to more severe neurodegenerative diseases (Fig. 5) .
Conclusions
This study is the first to correlate glutamate presynaptic VGLUT with postsynaptic receptor levels and cognitive status in the nonpathologic aging brain. Statistical analyses by PCA and correlation matrices suggest that presynaptic and postsynaptic glutamatergic component expression in the hippocampus is tightly associated, correlated with spatial memory capacities, and can be affected in normal aging. In future studies, it will be crucial to determine whether or not the altered network efficiency of the hippocampal glutamatergic system is characteristic of mild cognitive impairment in aging humans and could be predictive of subsequent neurodegeneration such as in Alzheimer's disease.
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